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Spatial order or periodicity is usually required and constructed with tens of nanometers in the feature size, 
which makes it difficult to process the near-perfect metamaterial absorbers (PMAs) working in the visible 
range in large-area and mass-production scale. Although many established technologies and theoretical 
modeling methods used for order-based metamaterials, aperiodic or disordered structures have been 
gradually recognized to achieve similar functionalities for which the ordered structures are overwhelmingly 
used. Here, we demonstrated the vapor-deposited 'amorphous' metamaterials as controUed-refiectance 
surfaces and tunable PMAs without the use of the lithographically ordered arrays, the prefabricated colloidal 
metal nanoparticles (MNPs) or the multilayer of nanoparticles. The flexible construction, the control of the 
monolayer of MNPs and the atomic-layer- deposited (ALD) dielectric spacer layer provide more insight for 
understanding the controUed-reflectance surfaces. Such processes have a few key advantages of 
CMOS-compatible simple processing, low cost and large-area plating, allowing the PMAs to be flexibly 
constructed in mass-production scale. 



Metamaterials, an arrangement of artificial sub -wavelength structures have created extraordinary trans- 
mission\ near-perfect absorption^"^ and negative refraction^"^^ by tuning the optical transmission, 
absorption, scattering and interference. A variety of concepts and constructions for metamaterials have 
emerged and shown great promise in super-lens^ \ sensors^^, detectors^^ and even invisible cloaking devices^^. The 
manipulation on effective permittivity and permeability by structured design is the physical essence behind 
metamaterials. Spatial order or periodicity is usually required in metamaterials for the manipulation of the phase 
and the flow of wave by tuning effective permittivity and permeability. Although many established technologies 
and theoretical modeling methods have been used for order-based metamaterials, the goal of attaining metama- 
terials in a flexible non -lithographic way has yet to be achieved^^'^^. Recent advances on disordered photonics 
reveal that aperiodic or disordered structures have been gradually recognized to achieve similar functionalities for 
which the ordered structures are overwhelmingly used^^'^^"^^ Yan and Hedayati have separately proposed and 
confirmed the sandwich structures involving a multilayer^^"^'* or a monolayer^^ of metal nanoparticles (MNPs) by 
coating, sputtering or thermal deposition processes towards the superior broadband absorption. All those dem- 
onstrate that the random non -prefabricated nanostructures can function as PMAs in simplified architectures 
without the need for extra lithographical and prefabrication process. ALD is one powerful surface nano-engin- 
eering technique^^'^^ and has also demonstrated practical capability in the controlled interface in 
microelectronics and photovoltaics. Here, we show that neither ordered lithographical nanostructures nor 
self- assembled colloidal MNPs are necessary to attain the controllable metamaterials as controlled- reflectance 
surfaces or tunable PMAs working in the visible range. The controllable ALD dielectric oxide layer can identify 
the interference absorption while the lower surface coverage, uniform shapes and small sizes of the random non- 
prefabricated Au nanoparticles (Au-NPs) lead to the separable absorption peaks and ignorable scattering. The 
ALD dielectric layer and the random non-prefabricated MNPs have a few key advantages of CMOS-compatible 
simple processing, low cost and large-area plating, allowing the vapor- deposited controlled- reflectance surfaces 
or tunable PMAs to be flexibly constructed in mass-production scale. 
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Within a traditional PMA construction there are many different 
layers with interrelated roles and having different tolerance for fab- 
rication processes and feature sizes. Ordered nanostructures are gen- 
erally required and constructed with tens of nanometers in the 
feature size by electronic beam lithography or focused ion beam, 
which makes it difficult to process the PMAs working in the visible 
range (visible-PMAs) in large-area and mass -production scale. Thus, 
any architecture which is easy and flexible to process are desirably 
adopted, with the aim of delivering large-area controllable PMAs^, 
in particular visible-PMAs. Evolved from the traditional PMAs^"^ 
and the broadband PMAs^^"^^ the metasurface with film-coupled 
colloidal MNPs, instead of lithographically ordered metal nano- 
structures, have recently been used to deliver the isotropic visible- 
PMAs^^, which has demonstrated that the ordered patterning or the 
multilayer of MNPs is not required for the fabrication of PMAs. 
Now, the question is whether both the lithographical processes and 
the prefabricated colloids can be simultaneously replaced by a simple 
and flexible vapor deposition for the controlled-reflectance surfaces 
or tunable PMAs with separable absorption. 

Here, as a means of creating 'amorphous' metamaterials with the 
monolayer of MNPs as visible-PMAs without the use of lithograph- 
ically ordered arrays and prefabricated colloidal MNPs, we use vapor 
deposited dielectric layer and random non-prefabricated MNPs. 
Furthermore, the flexible construction and the control of the mono- 
layer of MNPs, the ALD dielectric spacer layer and the bottom metal 
layer provide more insight for understanding the PMAs. In Fig. la we 
show an illustration of the vapor-deposited PMAs with randomly- 
distributed and non-prefabricated metal nanostructures, along with 
the cross-sectional view of the real construction (see Fig. lb). From 
the bottom, the PMAs is constructed on silicon or silica substrates 
coated with a dense and continuous metal (e.g. Ag here) thin film 
(labeled as metal I in Fig. la) of tens of nanometers in thickness by 
physical vapor deposition (e.g. thermal vapor deposition or sputter- 
ing coating). This opaque bottom layer effectively eliminates the 
transmission and reflects most of the incident waves. A dielectric 
layer of oxides (e.g. ZnO or AI2O3) as a spacer is then deposited on 
the metal I layer by ALD^^'^^. The monolayer of random and non- 
prefabricated metal (e.g. Au here) nanoparticles (labeled as metal II 
in Fig. la) as the top layer are formed by a thermal annealing process 
from the metal II layer pre-deposited on the oxide spacer layer. The 
annealing process ensures the formation of the metal II nanoparti- 
cles. Careful observations on Fig. 1 and Fig. SI reveal that the Au 
nanoparticles (Au-NPs) are randomly distributed and present on the 
oxide spacer layer with a flat contact area formed during the anneal- 
ing process. The flat contact area is beneficial for near-perfect absor- 
bers because it leads to more effective magnetic surface current 
density to offset the electric surface current density from the incident 
waves ^ I The total surface coverage, obtained with the 3 nm thick 
annealed Au films on the ZnO films, is —22% for the Au-NPs with a 



size distribution centered at —50 nm, according to the statistical 
distribution of the contacting- area fraction of the Au-NPs (Fig. SI). 

In Fig. 2, we compare the experimental and simulated absorptance 
(A) of the resulting vapor-deposited PMAs. The experimental 
absorptance spectra (Fig. 2a) was derived by A = 1-R from the 
reflection (R) spectra. The bottom opaque Ag layer of about 70 nm 
in thickness is thick enough to eliminate the optical light transmis- 
sion (T). The experimental absorptance (the black solid line) reaches 
over 99% at near normal incidence (8 degree off the surface normal) 
at the wavelength of 670 nm, along with an absorptance of more than 
80% at —500 nm. In plasmonic metal nanostructures as PMAs, it is 
essential to simultaneously minimize the reflectance and the trans - 
mittance of the medium. It is rather difficult to eliminate the 
reflection at a special wavelength although the transmission is rela- 
tively easy to be reduced. For the PMAs, the reflection coefficients 
for the s polarization can be described as 



Zeff X COS (Oi) — ZqX COS(0t) 
Zeff X COS (Oi) + X COS(0t) ' 



(1) 



where Oi and Of are the incident and the transmitted angles of the 
electromagnetic wave with respect to the surface normal, respect- 
ively. Zo = \/ fio/so is the impedance of the media (i.e. air) while Zeff is 
the effective impedance of the PMA. Once = 0, = — 1, corres- 
ponding to the case that the incident light hits on a solid 'electric 
wall', for Zgff = 00, on the other hand, = +1 indicates that the 
incident light is reflected by a 'magnetic wall'^^. Thus, a suitable 
effective impedance could lead to = 0, i.e. the reflectionless case, 
which is the fundamental idea for PMAs and can be realized by 
carefully tuning the dielectric spacer and the top layer formed by a 
monolayer of MNPs. 

The numerical simulations by finite difference time domain 
(FDTD) algorism were performed by employing a uniform semi- 
spherical nanoparticle array with a particle size of 50 nm, a peri- 
odicity of 94 nm, as well as a total surface coverage of 22%. The 
permittivity of the ZnO spacer layer was set to be 4 and that of the 
Au-NPs was obtained from the literature^^. We noted that the per- 
mittivity of Ag film in the real system should have a larger imaginary 
part than that of the bulk Ag due to the surface scattering and the 
grain boundaries^^'^°. A careful comparison of the experimental and 
the simulated absorption spectra reveals that the permittivity of the 
Ag film influences the absorption peak greatly at —500 nm whereas 
it has ignorable effect on the peak at —670 nm. A better simulation 
(blue dot line in Fig. 2a) results from the use of the permittivity of Ag 
film with a larger imaginary part. Furthermore, the FDTD simulation 
images were obtained over a domain containing one single semi- 
sphere with a periodic boundary (Fig. 2b). A normal incident plane 
wave was applied with the polarization along with X direction. The 
absorption is insensitive to the polarization of the normally incident 
light since the semi-sphere Au-NP is symmetric on the X-Y plane^'^^. 




Figure 1 | The construction of PMAs. (a), Illustration of PMAs with random non-prefabricated MNPs. (b), Cross-sectional view of the PMAs with 
random Au-NPs layer constructed on the ZnO/Ag di-layer structure. 
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Figure 2 | Experimental and simulation analysis of the PMAs. (a), Absorptance spectra from experiment and numerical simulations with 40 nm ZnO 
spacer layer. Measured absorptance curve (black solid line), for near normal depolarized incidence (8 degree with respect to surface normal), for 
random distribution of Au-NPs layer with 22% surface coverage, compared with simulations for normal incidence with polarization along with X 
direction (see (b)) of uniform, 50 nm in diameter, semispherical Au-NP for periodic boundary (22% surface coverage that the periodic size is 94 nm) 
with different permittivity of Ag film extracted from the reported work (red dash line) and our experiments (blue dot line), (b). Three dimensional 
schematic view for simulations of 50 nm semispherical Au-NP showing the cross-section along X-Z plane (red plane), (c), (d). Calculated magnetic field 
intensities at the peak positions from blue dot line shown in (a) on the X-Z plane as shown in (b) atX = 487 nm and X = 677 nm, respectively. 



We note that the vapor-deposited PMAs were also insensitive to the 
polarization at the normal incidence case due to random distri- 
bution^^'^^. We extracted the magnetic field intensities from the 
theoretical peaks at 487 nm and 677 nm on the X-Z plane^. The 
uniform magnetic field intensity (Fig. 2c) indicates that the absorp- 
tion around 487 nm results from the optical interference of the ZnO 
layer for enhancing Ag absorption. The interaction between the top 
random Au-NPs and the bottom Ag films (Fig. 2d) results in loca- 
lized surface plasmon resonance (LSPR)^^'^^ or gap plasmon^^ 
absorption at 677 nm. 

In the real vapor- deposited PMAs, the MNPs on the substrate are 
randomly scattered and have a broad size distribution. Fig. 3 illus- 
trates how the experimental incident angle (8 to 65 degree) affects the 
absorptance of the vapor-deposited PMAs. Without Au-NPs coat- 
ing, the bare ZnO-layer-on-Ag-layer (ZnO/Ag) displays an absorp- 
tion peak (denoted as peak a) which is originated from the 



interference-enhanced absorption of the Ag film (Fig. 3a). Once 
the resulting PMAs form with the random Au-NPs on the spacer 
layer, two absorption peaks occur (Fig. 3a). They have a similar 
variation tendency for the positions of the peak a and the peak b as 
the incident angle increases (Fig. 3b) although their intensities are 
quite different (Fig. 3c). The contrast between the simulation and 
experiment indicates that the peak a and the peak b share the same 
underlying mechanism. 

The Au-NPs and gap plasmon have been demonstrated to play an 
important role for nearly perfect absorption of the vapor- deposited 
PMAs, which raises the question why the scattering from MNPs is so 
weak, especially in the resonance cases that the scattering cross sec- 
tion of the nanoparticles should increase dramatically. For MNPs 
with much smaller size than the wavelength of the excitation wave, 
the scattering can be generally described as one dipole secondary 
radiated waves^\ However, due to an image dipole induced in the 
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Figure 3 | Incident angle versus measured absorption of the vapor-deposited PMA. (a). Measured absorptance spectra for 8 degree incidence with (red 
solid line with two maximum values denoted as peak b and c, respectively) and without (black solid line denoted as peak a) random Au-NPs layer (i.e. 
from 3 nm Au thin film) coated on ZnO/Ag di-layer structure. The ZnO spacer layer is 40 nm in thickness and the random Au-NPs layer is with 22% 
surface coverage and size distribution in Fig. Sic. (b), (c). Peak position and peak intensity of the peak a, fe, c as a function of the incident angle, 
respectively. 
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Figure 4 | Tunable absorption of the vapor-deposited PMAs. (a), Position 
and intensity of the peak c as a function of the deposited Au film thickness 
with ZnO spacer layer keeping 50 nm in thickness, (b), Position and 
intensity of the peak c versus the ZnO space layer thickness while the 
thickness of deposited Au film stay in 3 nm. 

bottom Ag film with an opposite dipole moment when the polariza- 
tion is parallel to the Ag film surface^^, the scattering from the MNPs 
is suppressed. The scattering cross section is about sixth power of the 
real particle sizes while the absorption cross section is only about 
third power^\ The scattering effect weakens rapidly as the size of the 
MNPs decreased while absorbing, instead of scattering is dominantly 
responsible for the extinction of the incident light. On the other 
hand, the scattering effects reduce further due to the destructive 
interference of the scattering waves, or that the average surface 
roughness is much smaller than the characteristic wavelength^. All 
these were evidenced by the evaluations on the average surface 
roughness and the comparison between the reflections (Fig. S2). 

Extracted from Eq. 1, the effective impedance Zejf is dependent on 
the intrinsic properties of both materials and constructed architec- 



tures (See SI), and can be described as Zeff = \ li^ 



G(zi,Zd,z^f ,hejf,d). Eeff ^nd fi^ff are effective permittivity and per- 
meability of the PMAs fabricated, respectively. and z^ are the 
impedance of the bottom metal film and the dielectric spacer layer, 
respectively, while hejf is the effective thickness of the metal II layer 
and d is the thickness of dielectric layer, z/f is the effective impedance 
of the metal II layer, and related to the surface coverage, size distri- 
bution and effective polarizability of the metal II nanoparticles. 
Combined with Eq. 1, the reflection of the vapor-deposited PMA is 
strongly dependent on he// and z^f of the top Au-NPs layer, and z^ 
and d of the dielectric spacer layer. Thus, on the basis of tunable 
vapor deposition process, we can flexibly control the position of the 
absorption peak through these above-motioned parameters. In 
Fig. 4, we show how the thickness of both the dielectric spacer layer 
(Fig. 4a) and the Au film deposited to form the Au-NPs (Fig. 4b) 
affects the position and the intensity of the measured absorption 
peaks of the vapor-deposited PMAs. The absorption reaches over 
99% and the absorption peak position varies from —590 nm to 
—670 nm when the spacer layer thickness is changed from 40 nm 
to 60 nm. When the Au film is 3 nm thick prior to annealing, the 
absorptance could reach up to 99%. 

Besides, most traditional PMAs are only fabricated on flat sub- 
strates because of the fabrication limitation on any arbitrary struc- 
tured substrates. The vapor deposition can allow greater control on 
any desirable surfaces. The PMAs on rough surface have been 
designed and fabricated as shown in Fig. 5. This construction delivers 
a very broad and nearly reflectionless band with a reflectance of less 
than 1%, which is beneficial for the PMAs. The vapor deposition 
seems to be a versatile method that can be incorporated into the 
direct fabrication of PMAs. The vapor-deposited PMAs require nei- 
ther lithographical processes for ordered structures nor prefabrica- 
tion processes for metal colloids. The option of using the spacer layer 
and/or the top MNPs, the simplified architecture, and the availability 
of other metals and dielectrics that could form PMAs provide one 
with a unique laboratory in which PMAs can be realized for selected 
wavelengths (Fig. S3). 

We demonstrated controllable 'amorphous' metamaterials with 
disordered non-prefabricated MNPs for achieving visible PMAs by 
means of the CMOS-compatible ALD dielectric layer and random 
non-prefabricated MNPs. Our concept and analysis reveals that the 
large- area visible- PMAs can be achieved by using an vapor deposited 
dielectric layer and a monolayer of MNPs on any arbitrary structured 
substrates. Whether vapor deposition emerges as the preferred route 
for manufacture or simply represents a bench mark method for 
constructing the controlled- reflectance surfaces without ordered 
nanostructures remains to be seen. The vapor-deposited con- 
trolled- reflectance surface or the tunable PMA is now compatible 
with those lithographical and self-assembly technologies, and is 
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Figure 5 | PMA fabricated on structured substrates, (a), Top view (60 degree angle of the view) of the PMA fabricated on a structured surface by 
vapor-deposited with 1 00 nm Ag bottom layer, 40 nm ZnO space layer and 4 nm Au film deposited for Au-NPs. (b) , The measured reflectance spectra for 
near normal depolarized incident, of the structured surface (black solid line) and PMA@surface (red solid line). 
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hence likely to be adopted by the PM A community with the potential 
applications in solar cells, thermal emitter and sensors. The con- 
trolled-reflectance surface or the tunable PMA containing a mono- 
layer of disordered structures will stimulate theoretical interests in 
the underline physics behind amorphous metamaterials and even 
disordered photonics in ideal absorbers. 

Methods 

With a simple vapor-deposited planar sandwiched film which incorporates a bottom 
silver film, a spacer layer of nanoscale-thick oxide and a top layer of random non- 
prefabricated Au-NPs formed by annealing. The continuous Ag thin film was 
deposited by argon ion beam sputtering on Silicon substrate. The ZnO dielectric layer 
was then deposited on the Ag thin film by ALD with an atom scale controllable 
thickness^*^'^^ at 190°C. Then, an Au thin film, also with a controllable thickness, was 
sputtered on the dielectric layer to form Au/ZnO/Ag sandwich structure by sput- 
tering coating. At last, we annealed the prepared Au/ZnO/Ag sandwich structure for 
transforming the top Au film lay into Au-NPs at 300°C for 30 minutes. 
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